ABSTRACT
Introduction
Shallow groundwater systems (SGS) are important as a source of water, for sustenance of stream base flow and of wetland and riparian ecosystems [1] . They have been recognized to have effects on a broad variety of earth system processes [2, 3] . Accordingly, the proper management of these valuable groundwater resources requires an accurate quantification of their recharge rates. Such quantification is not easy to handle due to the dynamic nature of these systems having a very fast response time to hydrologic change owing to their closeness to soil surface [1] . In fact, many researchers reported rapid and disproportionate water table rise in response to rainfall events observed in shallow groundwater systems [4] [5] [6] . They showed that shallow water tables can often rise disproportionately compared to the volume of infiltrated water. This rise has been attributed by numerous researchers to one of two major phenomena. The first, known as the Lisse effect, occurs when infiltration caused by intense rain seals the surface soil layer to airflow, trapping and compressing air under pressure in the unsaturated zone [7, 8] . For a comprehensive outline of the Lisse effect, the reader is referred to [8] . The second is the reverse Wieringermeer effect (RWE) dealing with the case where the capillary fringe extends from the water table almost to the ground surface leading to a limited or no storage capacity in the zone between water table and soil surface as well as a specific yield approaching zero value. In these conditions the pores within the capillary fringe are saturated and the addition of a very small amount of water relieves the tensions in the capillaries resulting in a rapid and high water table rise to the land surface [9, 10] . The specific yield was defined as the volume of water that an aquifer releases from storage per unit surface area of aquifer per unit decline in the water table [11] .
It was demonstrated through numerical studies and laboratory as well as field investigations that, under RWE conditions, the estimation of water table responses to recharge events based on the maximum or ultimate specific yield, which can be estimated from an equilibrium soil water profile, is erroneous and always underestimates the rate and total amount of water table rise [12, 13] . Gillham [9] pointed out that the shallow water table Reverse Wieringermeer Effect   d   response to added water could be explained by considering the specific yield above a shallow water table to be  variable, with values decreasing as the water table approaches ground surface. In view of the facts mentioned above, the aim of this work is threefold: 1) to investigate experimentally shallow groundwater responses to surface and sub-surface recharge events using two soil types (sandy and clayey), 2) to verify the applicability of RWE concept under these experimental conditions, 3) to develop a quantitative analysis based on hysteresis model in order to simulate the experimental results. Figure 1 depicts the hypothetical moisture profiles above a rising deep water table (WT1) and shallow water table (WT2). These profiles are represented by the moisture retention curve of the soil with the assumption that static equilibrium conditions prevailed. After a change of water level, the water table WT1, which was initially at depth d, will rise by dh to a new level d′. It is assumed that the static equilibrium profile is re-attained instantaneously. Further, the flow is assumed to be one-dimensional and no water flux at the bottom boundary. In these conditions, the dotted area A representing the volume of water per unit area that is added to storage due to the water-level rise from d to d′ is equal to S y dh, where S y is the specific yield of the soil.
Theoretical Background
Consider now the case of a shallow water table WT2 being initially at the level d″. This depth is not great enough to allow moisture content at land surface to reach the value of residual moisture content. In this case, the dotted area A representing the water yield is less than Sydh (Figure 1) . The discrepancy between actual yield and that calculated on knowledge of Sy and dh has been observed to increase as depth to water table decreases [9, 11, 12] . This phenomenon, referred to as the reverse Wieringermeer effect, is reflected by a nearly instanta-neous rise in water level in response to only a small amount of infiltration.
The dotted area A can be mathematically expressed as:
where θ s is saturated water content and θ(h) is the water content-pressure head relationship. The minus sign is used to account for the negative pressure head. The van Genuchten model (hereafter VG) of water retention relationship [14] was used in the present study to describe the boundary drying and wetting curves. This model assumes that the main drying and wetting retention curves can be described accurately by the expression:
where θ r is residual water content, α, m, n are fitting parameters, with m = 1 -1/n. Replacing Equation (2) in Equation (1) yields:
In order to account for hysteresis effect, we assume that between the initial water table level d and the final depth d', the groundwater will follow a scanning wetting curve starting from a preceding drying curve (reversal point). Scanning curves can be determined experimentally by a series of wetting and drying experiments. Such measurements are extremely time-consuming and delicate to carry out. Therefore, a theory is needed to estimate the water-retention function for any drying and wetting loop based on the envelope of main drying and wetting curves. Numerous models have been developed in order to describe the hysteretic behavior of a particular soil [15] [16] [17] [18] . In the present study we used the modified Kool and Parker model [17] developed by Huang et al. [18] . This model of simple formulation uses α, n, 
where θ s (i) and θ r (i) are saturated and residual water contents, respectively, corresponding to the i In the present study, laboratory measurements of θ(h) in the drying and wetting processes for Toyoura sand and Chiba LiC were carried out using the hanging method [19] . The measurements of drying and wetting curves were done separately on different soil samples. In relevance to our experimental conditions, described above, we restricted our analysis in the range of pressure 0 -100 cm H 2 O. The experimental data were then fitted using the VG model. Figure 2 shows both measured and simulated data of the main water retention curves of Toyoura sand and Chiba LiC. It can be seen clearly that the two pathways (i.e. drying and wetting) produce curves that are not identical. The water content in the drying curve is higher for a given matric potential than that in the wetting branch depicting the hysteretic nature of both soils. The VG model fitted fairly well (R 2 = 0.99) the observed main wetting and drying curves in the case of Toyoura sand and Chiba LiC soils. The θ(h) curves are useful to estimate the height of the capillary fringe defined as the region between h = 0 and h = h a where ha is the pressure head at which the first pore drains. Hence, Figure 2 shows that for Chiba LiC soil, the capillary fringe extends, in the drying process, to approximately 15 cm while in the case of Toyoura sand this zone extends to almost 40 cm above the water table level.
Toyoura sand and Chiba LiC soils were packed homogenously into two acrylic columns with 50 cm length and 7.5 cm inner diameter. The Toyoura sand column was equipped with 17 acrylic resin porous cups along the profile (Figure 3) . The Chiba soil column was equipped with 11 ceramic porous cups made of very thin, small and sensitive ceramics in order to insure a reasonably rapid response time. In both columns, the porous cups were connected to a series of pressure transducers with a 0 to 100 kPa range, for continuous measurement of pressure head at each of the monitoring locations. The water table level was monitored by means of a water manometer. Two Mariotte tubes with 5 cm and 0.7 cm inner diameters have been used for soil saturation process and for water recharge from the bottom side of the column, respectively.
Experimental Procedure
Two experiments (Exp 1 and Exp 2) have been conducted using Toyoura sand and Chiba light clay, respect- tively. The Exp 1 consisted of performing the total of four experimental runs numbered 1 through 4. During the runs 1 and 2, water table was positioned initially at 20 cm and 40 cm, respectively, by using a drip point. Then, various amounts of water have been added from the top side of the soil column, as simulated rainfall events (surface recharge). The hydrostatic condition in the entire soil column after each rainfall event formed the initial condition for the subsequent water supply. During the runs 3 and 4, water was supplied from the bottom (subsurface recharge). In the Exp 2, the total of six experimental runs numbered 5 through 10, have been carried out. Almost, the same procedure used in Exp 1 was reproduced in Exp 2 during which water table was set initially at 15 cm, 30 cm and 70 cm depths.
Results and Discussion

Water Table Fluctuations in Response to Recharge Events
In all experimental runs during the experiments 1 and 2, the water table rise after each water supply event was isolated and plotted against water applied amount (Figure 4 120 mm water table rise for initial water table position at  20 cm depth, reflecting a reverse Wieringermeer response type. Considering the specific yield of Toyoura sand used in this experiment of 0.3 [20] , multiplied by the water table rise of 120 mm would result in 36 mm of recharge water compared with the 1 mm of simulated rain that actually has been added during the run 1. This shows that the specific yield method gives erroneous estimates of recharge if used under RWE conditions. Similar to the case of Toyoura sand, the water table increase during Chiba LiC experiment was also highly correlated to rainfall in all experimental runs (R 2  0.97).
Compared to Toyoura sand, the water table rise in Chiba LiC experiment was less pronounced suggesting the soil type effect on groundwater response. With respect to water table responses to sub-surface recharge events, it can be seen, as shown in Figure 4 , that in the case of Toyoura sand, sub-surface recharge caused a disproportionate water table rise. In the case of Chiba LiC, the water table increased linearly in response to sub-surface water input, with remarkably a lower magnitude than that observed for Toyoura sand. Figure 5 illustrates the pressure head profiles at several times across Toyoura sand and Chiba LiC columns, for Copyright © 2011 SciRes. OJSS water table initial levels at 20 cm and 15 cm, respectively. The time t = 0 represents the initial condition before water application. It can be seen that the response was evident at all measuring points immediately following the initial application of recharge events. Pressure head values exhibited instantaneous fluctuations of centimeters due to the addition of millimeters of water. Being the locus of points having zero pressure head, the position of the water table could be, in principle, determined at any time by interpolating or extrapolating the pressure head values [21] . This approach is used in order to monitor the water table elevation. In the case of Toyoura sand, we observed a rapid and high water table rise immediately after water supply from the top side of soil column (Figure 5(a) ). In fact, after the application of 1 mm rainfall water table rose, within the first 10 seconds, by 5 cm. Following this rise there was a relatively rapid decline. This decline can be explained by the fact that as the rise is caused by the change in the pressure potential in capillary fringe from negative to positive values due to the addition of a small amount of water, the water table declines very quickly with the loss of a small amount of water by downward drainage. When water was added by sub-surface recharge, a rapid change in pressure head was observed although less pronounced compared to that observed for surface recharge mode (Figure 5(b) ).
Pressure Head Responses to Recharge Events
The pressure head profiles in the case of Chiba LiC soil showed that water table manifested a slower response compared to Toyoura sand (Figure 5(c) and (d) . Thus, when water table was set initially at 15 cm below soil surface, it rose by approximately 3 cm after 20 seconds have passed. In the case of sub-surface recharge, addition of water resulted in a gradual water table rise.
Discussion and Modeling Investigation
From the aforementioned experimental results two important questions arise: 1) Why the same recharge volume brought about different water table responses when applied by surface and sub-surface recharge modes? 2) What caused the difference of water table behavior between the two soil types, Toyoura sand and Chiba LiC?
In the present study, we are dealing with the water table rise from bottom to soil surface. In our experiments, the initial moisture content is low at the soil surface and getting higher toward the bottom, leading to higher propagation velocity of pressure wave. Under these conditions, the experimental results showed that sub-surface water supply caused a higher water table rise compared to surface recharge mode. This is most likely induced by larger water flux at the soil bottom (saturated) due to larger hydraulic conductivity, than at the top of the soil profile. Further, when the capillary fringe extends to soil surface, the initial water content above water table is close to saturation which causes a small amount of added water to produce a large rise of the water table.
It is widely accepted that groundwater response to recharge events is related to the shape of the soil moisture profile above the water table and its potential significance is determined by the water content-pressure head relation (WRC) of the soil [9] . Since this relation is unique for each soil type, the groundwater response is variable from one soil type to another.
In order to investigate the validity of this concept to explain the observed groundwater behavior in our experiments we adopted a simple modeling approach based on a parameterization of saturated and residual volumetric water contents by considering the hysteretic behavior of the water retention curve. In this approach we assumed that the soil moisture profile changes from an initial hydrostatic condition to a new one following water table rise. The change of water table level is induced by water supply either by surface or sub-surface recharge. Moreover, since the soil water movement is upward due to groundwater rise, the soil moisture profile is most likely described by the wetting moisture retention curve.
For the purpose of comparison we also investigated a modeling approach based on the wetting process of the water retention curve and considering the range of moisture content in the zone above water 
Figures 6 and 7 depict the results of model predictions and measurements of water supply events and their corresponding changes in water table level for Toyoura sand and Chiba LiC soils, respectively. It can be seen that the simulations based on the wetting curve parameters (A W ) gave a very poor prediction. In fact, the model A W always underestimated the groundwater fluctuations. By considering hysteresis effect, the predictions of recharge volumes were improved. Hence, a very good agreement between measured and estimated water recharge volumes is obtained with the model A H . Interestingly, we see that the simulation based on this model succeeded in predicting general features of the water table fluctuations in most of the experimental tests. This suggests that the soil water movement inside the soil column is mainly upward from the lower part being wetting up after water supply. Reverse Wieringermeer Effect Further, these results indicate that the shallow ground water had a great effect on the vertical distribution of soil.
Conclusions
In the present study, laboratory simulations of shallow groundwater fluctuations in response to surface and subsurface recharge events showed that both recharge modes can cause water table fluctuations. Hence, for both cases, groundwater exhibited a reverse Wieringermeer response type to water input reflected by a rapid and large water table rise in response to a small volume of added water. This was substantiated by the pressure head responses following water application. In fact, when groundwater was set at shallow depths most changes were observed immediately following water application either from the top or bottom side of the soil column.
There were major differences, however, in groundwater behavior depending on the water table initial depth, the soil type and the way of water input. Thus, in the case of Toyoura sand, water table rose by hundred times the depth of added water while in the case of Chiba light clay, water table rise was less pronounced and slower.
A proposed water table response model based on soil moisture retention curve and considering the hysteresis effect gave good fit with experimental measurements. These simulations showed that water content profiles are dependent on the preceding sequence of wetting and drying and suggest the importance of including hysteresis in numerical simulation of systems undergoing reverse Wieringermeer effect leading to cyclic soil moisture changes.
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